ABSTRACT This paper proposed a fuzzy adaptive chaos synchronization method for a 4-D energy resource system with time-varying delays. The unknown time-varying delays are compensated based on Lyapunov-Krasovskii functional. Fuzzy logic systems are adopted to approximate the unknown nonlinear functions. Under the condition that all the system parameters are useless, an adaptive synchronization scheme is presented based on robust adaptive theory and Lyapunov stability to ensure that the two chaotic systems asymptotically synchronized. It is shown that all the signals in the closed-loop system are proved to be bounded, and the system output could track the given reference signal. The simulation example is given to illustrate the effectiveness of the design proposed schemes.
I. INTRODUCTION
In the past few years, the energy resource system has received more attention with increasing development of economy, for example ref. [1] establishes a demand-supply system of energy resource in China. In energy resource system, the chaos synchronization is of great concern. In [2] , a new 4DRES is proposed with unknown variable, which studies the dynamic behavior of the energy system by using bifurcation diagrams and the Lyapunov exponent. It is worth noting that the 4-dimensional energy resource systems have chaotic performance. The chaotic control problem of energy resource system with the unknown parameter is proposed in [3] . In order to restrain chaos from getting unstable equilibrium or unstable periodic orbits, the feedback control and adaptive control methods are proposed. The reference [4] solves the problem of 4-dimensional energy resource systems robust chaos synchronization by using sliding mode control. The reference [5] studied a control of energy chaotic system by using time delayed feedback control method. Four linear control scheme of a 4DRES is proposed in [6] . The reference [7] is discussed using two novel different control methods to solve the chaos synchronization problems for energy resource demand-supply system.
It is worth to be noticed that the above mentioned energy resource system did not consider the problem of time-varying delay. In practical control systems, as a very important problem, the time-varying delay was paid attention by more and more people. In fact, the characteristics of time-delay systems are ubiquitous and make the practical systems unstable [8] , and even result in disastrous consequences. Based on Lyapunov-Razumikhin functions or Lyapunov-Krasovskii functions, the problem of time-varying delay is solved in [9] - [12] . The reference [13] eliminated the timevarying delay by the relationship between the terms in the Leibniz-Newton formula into account. Based on adaptive fuzzy or NN controllers, the nonlinear systems with unknown time delays have been solved in [14] - [19] . However, the above reference has not been applied in the 4-dimensional energy resource systems. Motivated by the above observations, on the assumption that all the parameters of the system are known and unknown, an adaptive fuzzy system chaos synchronization method is proposed for a four-dimensional energy resource demand supply system with time-varying delay. In the design, we used LyapunovKrasovskii function to eliminate the time-varying delay. Based on Lyapunov stability an adaptive synchronization method is developed in order to make the chaotic systems asymptotic synchronization. It is proved that the provided Numerical simulations can illustrate the effectiveness of the proposed approach.
The rest of this paper is organized as follows. The system description and preliminaries are presented in Section II. Section III gives the adaptive synchronization control of the 4DRES. The simulation example is demonstrated to show the effectiveness of the approach in Section IV. Finally, the conclusion is drawn in Section V.
II. SYSTEM DESCRIPTION AND PRELIMINARIES
As one of the energy systems, the 4-dimensional energy system, which satisfies actual energy demand-supply and instruction on the energy resource demand-supply in practice, can be expressed as (1) .
where α(t) denote the energy resource shortage in A region, β(t) denote the energy resource supply increment in B region, γ (t) and ω(t) denote energy resource import in A region and renewable energy resource in A region, respectively. α, β, γ , ω are differential equations in (1) that depend on positive real parameters. α(t − τ 1 (t)), β(t − τ 2 (t)), γ (t − τ 3 (t)) and ω(t − τ 4 (t)) are unknown smooth nonlinear functions. τ i (t) is a bounded unknown time delay withτ i (t) ≤ τ * i (i = 1, 2, 3, 4) is a bounded unknown time delay with. L, N , w q , s j , p j , h j (j = 1, 2, 3, q = 1, 2) are parameters that are all positive real. When the system parameters are taken as the following values, this system exhibits chaotic behavior: The drive system with subscript (1) can be expressed as
The controlled response system with subscript 2 contains unknown smooth nonlinear dynamics, which can be
written as:
A
. FUZZY LOGIC SYSTEMS
In order to solve the unknown nonlinear functions f j (·) (j = 1, · · · , 4), the following fuzzy logic system is used to identify them. As fuzzy system [21] , [22] , let F(x) be a real smooth function defined on a compact set ⊆ R N , and for a VOLUME 5, 2017
Define the optimal parameter vector ξ * as follows:
Then one has
whereε denotes the fuzzy minimum approximation error, there exists a constantε * such that |ε| ≤ε * .
III. ADAPTIVE SYNCHRONIZATION CONTROL OF THE 4DRES
Define the synchronization errors e 1 = α 2 −α 1 , e 2 = β 2 −β 1 ,
where
We used the fuzzy logic systems to approximate unknown
where 1, 2, 3 ) to approximate them,respectively. Moreover,w = w −ŵ,
Consider a Lyapunov function candidate: (7) r is a constant. The derivation of (7) iṡ
e 2 2 (t)
From (5) and (8), the derivation of V iṡ (13) Substituting (8) and (10)- (13) into (9) +ḋ 2 ) −d 1 (−e 3 α 2 γ 2 + e 3 α 1 γ 1 +ḋ 1 )
Design the adaptive laws of the parameters and control inputs as:
,ẇ 2 = e 1 (e 2 + e 3 ), w 3 = −e 1 α h 1 = e 4 e 1 ,ḣ 2 = −e 4 2 ,ḣ 3 = −e 1 e 4 (18)
)e 2 − (−ŝ 1 + a 2 )e 2 +ŝ 2 e 3
)e 4 −ĥ 1 e 1 − (−ĥ 2 + a 2 )e 4 −θ T 4 φ 4 (ω 2 ) − sgn(e 4 )ε 4 (20) Substituting (15)- (20) into (14) results iṅ
From (21), we can conclude that the states α 2 , β 2 , γ 2 and ω 2 of response system (2) and the states α 1 , β 1 , γ 1 and ω 1 in the drive system (3) can be asymptotically synchronized and can also prove the stability of the system. Remark 1: Note that from (21), we can conclude that not only the stability of the system can be guaranteed, but also can illustrate the effectiveness of the proposed method. Meanwhile, we can make the tracking error as small as possible by suitably increasing the design parameters i (i = 1, · · · , 4). It is noticed that the literatures [1] - [4] considered the synchronization problems for a class of unknown parameters 4DRES, however, they have not been applied to the energy system. The methods in [5] , [8] - [19] can not be applied to the energy system. In this paper, we firstly propose a fuzzy adaptive chaos synchronization method for a 4DERS with time-varying delays. Furthermore, the numerical simulation is provided to demonstrate the validity of the proposed control scheme. 
IV. SIMULATION RESULTS
In this section, external perturbations τ 1 (t) = 0.1 sin t, τ 2 (t) = 0.2 sin t, τ 3 (t) = −0.1 cos t and τ 4 (t) = −0.2 cos t, nonlinear functions f 1 (α 2 ) = 0.1α 2 2 , f 1 (β 2 ) = β 2 2 + β 2 , 
The selection of fuzzy membership function is as follows Remark 2: It is worth pointing out that the above parameters selections are only sufficient conditions of guaranteeing the stability of the control systems. Increasing the design parameters i , or decreasing the design parameters τ * i ,ε i , a, (i = 1, · · · 4) can make the response system (2) and the drive system (3) can be more rapidly asymptotically synchronized.
V. CONCLUSIONS
This paper investigates the synchronization problem for a class of unknown parameters 4DRES with unknown timevarying delay. the main features can be described as: i) the time-varying delay problem have been solved by designing robust terms; ii) the unknown nonlinearities and external perturbations existed the response system have been overcome by fuzzy logics systems and some special robust terms, respectively; iii) the stability of the energy resource demand-supply system is able to proved by utilizing the Lyapunov-Krasovskii function stability theory. Future research will concentrate on chaotic systems asymptotic synchronization with dead zones.
